The many genes involved in flagellar structure and function in Eschrkhia coli and salmonella fyphimurium are located in three maor clusters on the chromosome: flagellar regions I, I1 and 111. We have found that region I11
Introduction
The flagellar gene systems of Escherichia coli and Salmonella typhimurium (subscripts E and S are used to distinguish E. coli and S. typhimurium genes or gene products) are closely similar and quite complex, consisting of over 40 genes organized into a regulon with a master operon and at least 14 subsidiary operons whose length varies from one to nine genes (Komeda, 1986; Kutsukake et al., 1988) . Extensive mapping studies have established that they are tightly clustered on the Z. Kawagishi and others their organization on the chromosome. They fall into three major regions, I, I1 and 111. Each of these was thought to consist of a contiguous set of genes, all in some way connected with flagellation, motility or chemotaxis, but the present study has shown that region I11 has a large disruption between JJiD and JJiE (vertical arrow). 0/100 (min) represents the arbitrarily assigned start and end of the circular map at the thr locus (Sanderson & Roth, 1988; Bachmann, 1990) . Operons are shown by overlining, with an arrowhead indicating the polarity where this is known. S. typhimurium has a small fourth region, PjAB hin; the tap gene is absent in S. typhimurium, andfiiB has not been established for E. coli.
S. typhimurium it contains 18 genes, JliABCDEFGH-ZJKLMNOPQR, in that order. [In E. coli, theJliB gene (which encodes an enzyme for methylating flagellin ; Konno et al., 1976) has not been established.]JliCs (the structural gene for the filament protein, flagellin) was the first flagellar gene to be sequenced (Joys, 1985; Kuwajima et al., 1986) , and subsequentlyJIiA,JIiB,JliD, and all of the genes fromfIiF throughJIiR were sequenced in at least one of the two species, and in many cases in both (Kuo & Koshland, 1986 ; Jones et al., 1989 ; Kihara et al., 1989; Malakooti et al., 1989; Homma et al., 1990a; Ohnishi et al., 1990; Vogler et al., 1991 ; K. Kutsukake, personal communication ; R. M. Macnab, unpublished data ; P. Matsumura, personal communication).
This leftfliE as the last known region I11 gene to be characterized. In preparing to analyse it, we found that restriction sites for plasmids containing DNA to the right offziD and for plasmids containing DNA to the left of JEiF -all of which were expected to contain JliE information -could not be reconciled. This was true of both E. coli and S. typhimurium, and raised the question of whether these three genes were in fact contiguous.
The earlier literature contains several observations concerning flagellar region I11 that could not be fully interpreted with the information available at the time, but are consistent with there being additional DNA in the vicinity of pic-JiE. These observations include the Occurrence of deletion endpoints between known genes (Yamaguchi et al., 1972; Silverman & Simon, 1974) , disparate co-transduction frequencies (Silverman & Simon, 1973a) , and the unexpectedly large size of a cloned insert of the region (Silverman et al., 1976) .
We have therefore re-examined the arrangement of genes within this part of flagellar region 111, and found that there is indeed a substantial extent of DNA between JliD and JIiE, most of which can be deleted without affecting flagellar function. We describe these results here, along with a characterization of the region between JEiD and the start of this non-flagellar region. The detailed characterization of JliE has been described elsewhere (Muller et al., 1992) .
fliD constitutes a transcriptional unit separate from all other known flagellar genes, and was thought to be monocistronic. However, since it was originally discovered using mutants generated by Mu phage insertion (Komeda et al., 1980) , and no complementation analysis of missense mutants was described, the data do not preclude the possibility of additional genes in the operon. We have in fact noted previously (Homma et al., 1990a) that the sequence immediately beyond the 3' end ofJIiDs suggests the existence of another gene within the same operon. We have now established thatJIiD is followed by two additional flagellar genes located just before the nonflagellar region.
Methods
Bacterial strains. E. coli strains used in this study are listed in Table 1 . JAl 1, kindly supplied by J. Asaka, is a non-revertibleJliCE mutant, in which the 5' half of theJliCE coding region has been deleted and replaced by the kanamycin resistance gene (J. Asaka, personal communication). We refer to this genotype as f!@icE : : kan.
Plasmids. pIK 1001 and its derivatives are pBR322-based plasmids with an E. coli chromosomal fragment containing the JliC-FE region; they are described in Results. pMH83 and its derivatives are pBR322-based plasmids with an S. typhimurium fragment containingjliCs,jliDs and about 3 kb beyond (Homma et al., 1985) . pOYAl is pUCll9-based and contains a 6.7 kb EcoRI fragment of S. typhimurium region 111 chromosomal DNA (Miiller et al., 1992) . Plasmid pUC4K, carrying a kan gene cassette, was obtained from Pharmacia/LKB. Chemicals and enzymes. All chemicals and enzymes were obtained from standard commercial sources. Antibiotics were used at the following concentrations : ampicillin, 50 pg ml-1 ; kanamycin, 25 pg ml-1 ; tetracycline, 10 pg ml-I. SalI linker, and EcoRI and XhoI linkers, were purchased from Pharmacia/LKB and New England Biolabs, respectively. Random primer and [a-32P] Minicell analysis. Gene products were identified by radiolabelling of minicells carrying plasmids of interest, by the method described by Homma et al. (1985) .
DNA hybridization. For preparing DNA probes, restriction fragments were isolated, denatured, and labelled with [a-32P]dCTP by means of random-primed DNA synthesis (Feinberg & Vogelstein, 1983) . Chromosomal DNA was isolated, digested with restriction enzyme, subjected to 0.7% agarose gel electrophoresis, and transferred onto nitrocellulose membrane (Sambrook et al., 1989) . Hybridization with radiolabelled primer was carried out under stringent conditions (incubated in 0.75 M-NaC1,75 m-sodium citrate, Denhardt's reagent, SO%, v/v, formamide, 0.1% SDS, 10% dextran sulphate and 0.1 mg salmon sperm DNA mF1, 42 "C, 12 h; washed in 15 mM-NaC1,1.5 wsodium citrate, 0.1 % SDS, 60 "C, 2 h) and detected by autoradiography.
Results
Cloning of the fliC-F region of E. coli Restriction mapping data and other evidence had led us to suspect thatfliD andfliE might be separated by a considerable distance (see Introduction). We elected to investigate the issue initially in E. coli rather than S. typhimurium, because it had already been established that the entire set of genes fromfliCE throughfliF, lay within a single EcoRI restriction fragment (Silverman et al., 1976) .
As the source of the chromosomal DNA, we used an E. coli K12 derivative, JAl 1, which is wild-type for all flagellar genes exceptfliCE ; that gene has been altered by a 5'-deletion and insertion of a kan cassette at the site of the deletion (ApiCE : : kan) (J. Asaka, personal communication). The DNA was digested with EcoRI and ligated into plasmid pBR322 and the recombinant plasmid pool used to transform the r e d strain DH5a. An AmprKanr Tetr transformant was shown to contain a plasmid with a 14 kb EcoRI insert. This plasmid, designated pIKlOOl ( Fig. 2) , complemented JEiD,, fliEE and JiFE mutants, but not JEiAE,fliCE orfliGE mutants. Restriction analysis of pIKlOOl yielded a map (Fig. 2 ) that was consistent with existing information in the vicinity offliDE and fliFE (Bartlett & Matsumura, 1984 ; G . Kuwajima, personal communication) , and indicated a large distance between the two genes. We constructed and characterized various derivatives from pIK1001, some of which are shown in Fig. 2 ; the restriction and complementation data obtained were again consistent with existing information. Therefore we concluded that, as expected, pIKlOOl carries a fragment with the completefliC-FE region of the chromosome (except for the deleted 5' portion of pic,). A derivative plasmid, pIK1007 (described in more detail below), lacked a 5.4 kb MluIXbaI fragment but nonetheless complemented fliDE, @iEE and$iFE mutants (Fig. 2) . Thus the existence of an intervening region in the vicinity offliEE was confirmed. Plasmid pIK1004 (which lacked all of the left-hand part of the insert except for a small portion of fliDE, but retained the right-hand part) complemented JiEE and j?iFE mutants, proving thatfliE, lies close tofliF, to the right of the intervening region. This has now been further proved by a detailed analysis of theJliEE gene (Muller et al., 1992) .
A similar situation exists in S. typhimurium. Plasmid pOYA1 (Muller et al., 1992) the partialJZiF, sequence indicate a distance of about 5-0 kb between fliDs and fliEs.
Construction of a mutant with a deletion in the intervening region
At this point, we had established that in region I11 there was a large distance between two flagellar genes,JZiD and JZiE, that had been thought to be adjacent. The next question was whether the intervening DNA consisted of previously unrecognized flagellar genes, or whether it was unrelated to flagellar function. To answer this, we needed to construct by recombination a strain with the region deleted from its chromosome. We wished to use the kanamycin resistance (kan) gene as a selectable marker for the chromosomal replacement. The kan insert infliCE of pIKlOOl was first inactivated by excising the DNA from a SalI site within the vector to a XhoI site in the kan gene, and ligating the compatible cohesive ends. The resulting plasmid pIK1002 (Fig. 2 ) was then digested with MluI and XbaI, filled with Klenow fragment, and ligated with T4 DNA ligase in the presence of a SalI linker to produce plasmid pIK 1007, in which 5.4 kb of the intervening region had been deleted. A 1-3 kb kan gene cassette from pUC4K was then inserted into the SalI site to give plasmid pIK1007K (Fig. 3a) .
For a control in which a known flagellar gene was deleted and the recombinant strain should therefore be non-flagellate, pIK 1003K was constructed as follows. Plasmid pIK1003, derived from pIK1002, lacks a 1.8 kb ClaI fragment starting about 0.8 kb after the start offliDE and as a result fails to complement afliDE mutant (Fig.  2 ). An AccI-digested kan gene cassette was then inserted into the unique CZaI site of pIK1003 to give plasmid pIK1003K (Fig. 3b ).
The deleted versions were then transferred onto the E. coZi chromosome. First, a motile clone of the rec-BCE sbc& strain CES200 was selected and named IK20. IK20 was transformed with pIK1007K DNA (Fig. 3a) that had been linearized by cutting at the unique EcoRV site, which lies withinfliDE. Medium-size, Kanr colonies were picked and tested for ampicillin resistance and motility. Of 24 Kanr transformants tested, all were Amps, lacked covalently-closed circular DNA when checked by rapid small-scale preparation of plasmid DNA, and swarmed on semi-solid agar plates as rapidly as their wild-type parent, IK20. One clone, IK27, was saved and characterized further. It was found to be well-flagellated and vigorously motile.
IK20 was also transformed with pIK1003K DNA (Fig. 3b) linearized by cutting at the unique NdeI site in the vector. Again 24 out of 24 Kanr clones tested were Amps but, as expected from homologous recombination of a defective f?iDE allele, they were non-motile. One clone, IK23, was saved for further analysis. DNA hybridization confirmed that IK23 and IK27 had the desired deletions and kan gene insertion. Chromosomal DNA was digested with EcoRI and subjected to hybridization using three different radiolabelled DNA probes: (i) probe C, the 1.8 kb ClaI(2)-ClaI(3) fragment of pIK1002 containing the 3' region of PiDE that had been deleted in pIK1003; (ii) probe M, the 3.5 kb MluI( 1 )-MluI(2) fragment of pIK 1002, representative of the intervening region deleted in pIK1007; and (iii) probe K, a 1.3 kb EcoRI fragment of pUC4K Motility + Fig. 3 . Strategy for testing by chromosomal replacement whether the intervening region between #iDE and $iEE is needed for flagellar function. (a) pIK1007K is a kun insertion derivative of plasmid pIK1007, which has had about 75% of the intervening region deleted (Fig. 2) , from the first MfuI site to the XbaI site; it was linearized and used to transform and recombine with the chromosome of strain IK20, to give strain IK27. (b) A similar procedure was used with a control plasmid pIK1003K (a derivative of plasmid pIK1003, which has#iDE and its 3' flanking region deleted) to give strain IK23. Motility of the parental and recombinant strains is shown at the right, and demonstrates that the deleted region in IK27 is unrelated to flagellation and motility. (Fig. 4) conformed to the expected pattern, demonstrating that the strains had the intended chromosomal replacements.
We conclude that the region between MluI(1) and XbaI of pIKlOOl does not contain any flagellar genes. IK27 grew in minimal medium at the same rate as its parent, even after serially subculturing for 7 d; thus the deleted region does not contain any genes that are essential for viability under these conditions. Normal growth was also observed with a S. typhimurium mutant, SJ W 1673 (Kihara et al., 1989) , which has a large deletion fromPiCs throughJiEs and so has lost not only several flagellar genes, but also all of the non-flagellar region.
Characterization of the region immediately beyond BiD
The results described thus far allowed us to say that most of the DNA betweenJIiD andfliE was not needed for flagellation, but left the DNA immediately beyond JliD uncharacterized in that regard.
The recombinant mutant IK23 (Fig. 3b ) has a chromosomal deletion that extends from withinfliDE to beyond the MluI site that defines the left boundary of the known non-flagellar region. It could therefore be used as a host in complementation experiments in which various plasmids containing the homologous region of S.
typhimurium DNA were used as the donor, and transformants were checked for their ability to swarm on semisolid agar plates. I. Kawagishi and others beyond (strain IK23, see Fig. 3b ), the purpose being to test whether or not the DNA beyond pi0 is flagellar-related (f7i?).
Complementation was judged by swarming ability and flagellation. SulI* represents the site of deletion of a small Sun-SulI fragment during the original construction of pMH83. The HindIII-SalI* fragment (hatched box) was used for sequencing the region beyondfliDs.
Plasmid pMH83 (Fig. 5 ) contains about 6 kb of contiguous S. typhimurium DNA between its two SalI sites; the second site, indicated as SalI*, represents a deletion of a small SalI-SalI fragment after which the insert continues for another 1.3 kb. The region up to the SalI* site containsJliCs,JliDs and 1.7 kb beyond the 3' end ofJiDs. Plasmids pMH821 and pMH823, derived from pMH83, retainJliCs andJliD, intact but have had material downstream deleted. The deletion in pMH82 1 begins at a MZuI site about 750 bp beyond the terminus of JliDs, while that in pMH823 begins at the Hind111 site just beyondJIiDs. Plasmid pMH822 has an even larger deletion starting at the first EcoRI site withinJliDs.
pMH83 was able to complement not only mutants with defects inJliCE andJliDE, but also strain IK23 (Fig. 5) . In contrast, pMH821 and pMH823 were able to complement the JiCE and $iDE mutants, but not IK23. As expected, pMH822 complemented theJiiCE mutant, but not the JiDE mutant. High-intensity dark-field light microscopy (Macnab, 1976) showed that lack of swarming was a consequence of lack of flagellation. Thus the s.
typhimuriurn information necessary to restore flagellation to IK23 includes not onlyJIiDs itself but DNA extending beyond it by at least 750 bp. Since the complementation analysis was between S. typhimurium as donor and E. coli as recipient, we concluded that information necessary for flagellation exists beyond JliD in both species, and therefore proceeded to characterize this part of the chromosome in more detail.
Characterization of JIiD and its downstream region in E. coli only a partial sequence of JiDE exists, obtained by Hanafusa et al. (1989) in the course of a study of the adjacent JIiC, operon; the sequence terminates at the BumHI site at bp 460 (Fig. 2) . To characterizeJliDE and the flagellum-related DNA beyond it, we cloned the 2-3 kb BamHI-MluI fragment from pIKlOOl into M13 phage. Using Ex0111 deletion derivatives, the fragment was sequenced in its entirety in both directions. We also used a synthetic primer to sequence through the BamHI site and verify that our sequence was contiguous to that of Hanafusa et al. (1989) .
The open reading frame continues for 950 bp beyond the BamHI site (Fig. 6) and, on the basis of comparison withJIiD, (Homma et al., 1990a) , clearly corresponds to jZiDE. Following theJliDE coding region there is a gap of 24 bp before an open reading frame of 408 bp (ORFl), a TGATG overlap, a second open reading frame of 363 bp (ORF2), a gap of 77 bp, and a partial open reading frame, [ORF] , that extends to the limit of the sequenced fragment. Following ORF2 and extending slightly into [ORF] there is a pronounced inverted repeat sequence. Fig. 6 vucingpage) . DNA sequence in the vicinity of thefliD operon of E. coli, and deduced amino acid sequences Of thefl&,fl&, and piTE products. In the text,jliS andPiTare initially referred to as ORFl and ORF2. The sequence prior to the BamHI site derives from Szekely & Simon (1983) and Hanafusa et al. (1989) . Start and stop codons, putative -35 and -10 promoter sequences, putative ribosome binding sites (S-D, Shine-Daigarno sequence) and restriction sites referred to in the text are shown with underlining. Arrows below the noncoding region beyondj?iTE mark an inverted repeat that may be a transcription termination sequence for thefliDE operon. [ORF] is a partial open reading frame, unrelated to flagellation, that extends to the MIuI site in Fig. 2(cr) .
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Consideration of the sequence beyond @iDE will be The deduced amino acid sequences of the partial open postponed until the corresponding sequence of S. reading frame, [ORF] , in the two species are very similar typhimuriurn has been described in the following section.
(14% difference for the N-terminal 139 residues for which sequence is available in both species vs. 23% difference at the nucleotide level; data not shown), arguing that it does indeed correspond to the 5' portion of Characterization of the region downstream of @iD in a gene. Since its disruption does not impair flagellation S. typhimurium
The sequence of @iDs has already been described (Homma et al., 1990a) , along with a small amount of 3' flanking sequence up to the Hind111 site shown in Fig. 5 . We have now subcloned the HindIII-SalI* fragment of pMH83 and sequenced it, and also sequenced through the HindIII site of pMH83 to establish contiguity.
The DNA following@iDs (Fig. 7) exhibits a similar pattern to that for E. coli: a gap of 14 bp following the @iDs coding region, an open reading frame of 405 bp (ORFl), a TAATG overlap, a second open reading frame of 366 bp (ORF2), a gap of 71 bp containing a pronounced inverted repeat sequence, and a partial open reading frame, [ORF] , that extends to the limit of the sequenced fragment. or motility, it is presumably not part of the flagellar gene system, and is being investigated separately (M. Raha and R. M. Macnab, unpublished data).
Ident$cation of ORFl and ORF2 as flagellar genes
In both species, ORFl and ORF2 have strong potential ribosome binding sites, and were assessed as coding regions at the 96% confidence level by the program TESTCODE (Fickett, 1982 further supports the conclusion that they are authentic codipg regions. We already knew that ORF2 played a role in flagellar structure or assembly, based on the complementation properties of pMH821 (Fig. 5) , in which it is truncated at the MluI site (Fig. 7) . However, the complementation behaviour of pMH823 did not permit any conclusion concerning ORF1, since ORF2 was also lacking. We wished therefore to disrupt ORFl without affecting ORF2. This was done by cloning the SalI fragment of pMH83 into pBR322 and inserting an in-frame XhoI linker into the Eco47III site in ORFl to give pVM702. We also generated a plasmid, pVM703, in which ORF2 was truncated as a result of deletion from the MIuI site in ORF2 through to a SphI site in the vector. pVM702 and pVM703 both complemented mutants JA 1 1 (AfZiC, : : kan) and YK1101 (fliDE), but were unable to complement IK23. Failure to complement as judged on swarm plates was subsequently shown by high-intensity dark-field light microscopy to stem from failure to restore flagellation.
We conclude that both ORFl and ORF2 are necessary for flagellation and show below that they are expressed genes. In the revised nomenclature for the flagellar genes of E. coli and S. typhimurium , genes in former region I11 were assigned the symbol Jli followed by extensions A, B, etc. The last knownJli gene being JiR, we have named the two newly discovered genesJliS and JiT, respectively. 
Identijicatwn of theJliS andJliT gene products
We next wished to verify thatJliS andJliT were expressed and to identify their products. Plasmid pVM5OO is a pUC 18-based plasmid containing the SalI insert of S. typhimurium DNA from pMH83, which includes jIiCDST,. From it, we constructed three derivatives : pVM501 and pVM502 with in-frame EcoRI and XhoI linkers, respectively, inserted into the Eco47III site in piss; and pVM503 withJliTs truncated at the MluI site. These plasmids were used to identify the products ofJliSs and JliTs in a minicell expression system (Fig. 8) . Proteins corresponding to FliCs and FliDs were detected with all four plasmids as a poorly resolved doublet at an apparent molecular mass of about 52 kDa. With pVM500, two further proteins were seen with apparent molecular masses of about 12 and 11 kDa, respectively. With pVM501 and pVM502, the 12kDa band was replaced by one with a higher apparent molecular mass; with pVM503, the 11 kDa band was absent. We conclude that JliSs and $iTS were being expressed, with the 12 kDa and 1 1 kDa bands corresponding to FliS, and FliTs, respectively.
Deduced sequences of the FliS and FliT proteins
FliS of E. coli and S. typhimurium show a moderate degree of conservation (60 % identity) uniformly distributed throughout the sequence (Fig. 96) weakly conserved by comparison with other flagellar proteins whose sequences have been described in both species, with an overall identity of only 34% (Fig. 9c) . The N-terminus is especially divergent, with the first 71
residues showing only 23 % identity.
The deduced molecular masses of the proteins are 14933 Da (FliSE), 14670 Da (FliSs), 13813 Da (FliTE) and 13 689 Da (FliTs), in reasonable agreement with the apparent molecular masses found in the minicell analysis. Neither FliS nor FliT are predicted to have a preponderance of any single secondary structural motif, nor do their hydropathy profiles suggest that they are integral membrane proteins (data not shown). Both are moderately acidic. Although their general properties are similar to each other, they do not appear to be related to each other at the sequence level. Nor are they similar to any of the other flagellar proteins whose sequence is known. Finally, no obvious homologues emerged in comparisons against the NBRF protein database or the translated GenBank database.
FliD is a member of the family of proteins that constitute the axial structure and are exported by the flagellum-specific export pathway (Macnab, 1990) . The sequences of the proteins in this family have a number of features in common (Homma et al., 1990a, b) . None of these were evident in FliS or FliT.
Comparison of FliD of E. coli and S. typhimurium
The deduced amino acid sequence of FliDE and the previously published sequence of FliDs (Homma et al., 1990a ) are compared in Fig. 9(a) . Overall the two are moderately similar (52% identity), with the termini showing the highest degree of similarity. The central region is quite divergent, except for a short region of identity around residue 158.
FliDs has various properties, which are thought to be important in terms of inter-subunit interactions in the axial structure (Homma et al., 1990a, b) . These are shared by FliDE. Lipman & Pearson (1985) .
Discussion
In spite of the large amount of classical genetics that has gone into an understanding of the flagellar gene system, analysis at the molecular level can still produce surprises. The results of the present study illustrate this point, since they require that the long-standing view of one of the major flagellar regions of the chromosomes of both E. coli and S. typhimurium, region 111, be substantially modified.
Sub-division of flagellar region III Region I11 of the flagellar regulon of E. coli and S. typhimurium contains a large intervening region, between fliD andfliE, that had not been recognized until now. Most of it is unnecessary for flagellar structure, assembly or function, since a mutant with a 5.4 kb deletion was still well-flagellated and motile. The mutant also swarmed normally, indicating that chemotaxis was unimpaired. In view of this, we have redefined flagellar region I11 as two regions, IIIa and IIIb. Region IIIa contains the genes friABCD and also two newly discovered genes,friS and fliT; region IIIb contains the genes fliEFGHIJKLM-NOPQR (Fig. 10) .
The 5.4 kb MluI-XbaI fragment of E. coli must constitute almost the entire non-flagellar region, which probably begins immediately after the end offliT (about 500 bp before the MluI site), and can extend no further beyond the XbaI site than 700 bp, where the 3' end of the leftward facingfliE, gene is found (Muller et al., 1992) .
Thus its total extent is probably about 6.6 kb. In S. typhimurium, the corresponding estimate is lower, about 4.2 kb; the reason for this difference is not clear.
Regions IIIa and IIIb, though separated, are still very close together on the overall scale of the chromosome. We suspect that they (and possibly region I1 also) originally constituted a contiguous region and that chromosomal rearrangements, which must have occurred prior to the divergence of E. coli and S. typhimurium, resulted in their interruption.
It is interesting that regions IIIa and IIIb differ in the types of genes and operons they contain. The four previously known genes in region IIIa (Fig. 10) are all, in one way or another, related to the flagellar filament protein, flagellin :$iA encodes a flagellum-specific sigma factor for the flagellin operon and other late operons (Ohnishi et al., 1990) ;fliBs (not established in E. coli) encodes an enzyme that post-translationally modifies flagellin (Konno et al., 1976) ; fliC encodes flagellin itself (Silverman & Simon, 1973a; Horiguchi et al., 1975) ; and I. Kawagishi and others JriD encodes the filament capping protein (Homma et al., 1985) , which is essential for filament assembly. The two newly discovered region IIIa genes, jliS andJriT, are of unknown function but apparently belong to the same operon asJliD (see below) and so may be functionally related. In contrast, the 14 genes in region IIIb are involved in structures assembled earlier than the flagellar filament : For example,JriE encodes a basal-body protein (Muller et al., 1992) ; JriF encodes the basal-body M-ring protein ; JriG, JIiM and JriN encode the flagellar switch proteins (Parkinson et al., 1983; Yamaguchi et al., 1986) ; andJri1 is an ATPase homologue that may be involved in the process of export and assembly of flagellar proteins (Vogler et al., 1991) . Although the specific function of many of the other region IIIb genes is unknown, the mutant phenotype is generally a lack of any detectable flagellar structure.
Thus one can broadly distinguish region IIIa genes (PiABCDST) and region IIIb genes (jliEFGHIJKLM-NOPQR) in a functional sense, as being related to the filament and to structures preceding the filament, respectively . This is reflected also in the patterns of gene expression. Kutsukake et al. (1990) have described the flagellar regulon as a hierarchy, with operons at three levels. Of the four operons in region IIIa, two (JIiC and JriD) definitely belong to class 3 (late flagellar operons) and a third (JriB) probably does also, considering that its product is an enzyme that covalently modifies flagellin. The fourth operon (PiA), though itself belonging to class 2 (middle flagellar operons), serves to regulate expression of class 3 operons. The three operons in region IIIb, containing JriE, JriF--iK, and fliL-JriR, respectively (Komeda, 1986; Kutsukake et al., 1988) , all belong to class 2.
TheJriD operon and the functions of FliS and FliT
JliD is transcribed separately from other known flagellar genes (Komeda et al., 1980; Kutsukake et al., 1988) and is preceded by a strong flagellar-specific promoter (Szekely & Simon, 1983; Hanafusa et al., 1989; Homma et al., 1990a) . The available evidence argues strongly that JriD,JriS andJriT constitute an operon : (i) the three genes are closely spaced or even overlapping; (ii) there are no recognizable promoter sequences prior toJriS orJliT; (iii) there are no recognizable transcription termination sequences followingJliD orJriS; (iv) there is a substantial non-coding region following JliT, and it contains a pronounced inverted repeat sequence, which is likely to represent the transcription termination sequence of the JriD operon; (v) disruption of the open reading frame following PiT does not affect flagellar function. Detailed analysis of the transcription of the JriD operon is in progress elsewhere (K. Kutsukake, personal communication) .
TheJIiD gene product is known to be a protein located at the distal end of the flagellar filament, which enables exported subunits of flagellin to assemble rather than being lost to the medium (Homma et al., 1984 (Homma et al., , 1985 Ikeda et al., 1987) .
What about the roles of FliS and FliT? Two lines of evidence suggest that they may be regulatory rather than structural. First, the genes appear to belong in the same operon asJriD and should therefore be subject to the same transcriptional control. One would therefore expect their products to be needed at a similar (late) place in the assembly pathway as FliD (Homma et al., 1984 ). Yet their deduced amino acid sequences show no resemblance to FliD or to any other members of the axial family (Homma et al., 1990a, b) . Nor are there any proteins with the molecular masses of FliS or FliT in the external portion of the flagellum, which has been characterized carefully (Ikeda et al., 1987) . Thus the evidence argues against JliS and JliT being structural genes.
Second, theJliD operon exerts a poorly understood regulatory effect, such that defects cause over-expression of other late operons ; a repressor-like activity, RflA, has therefore been attributed to this operon. It is not clear howfliD itself, as a structural gene, could exert such an effect. If, however, the operon contained regulatory genes, the phenomenon would be easier to understand, at least in principle. Interestingly, we noted that plasmids with JliD and JliS intact but with JliT truncated produced motile transformants onJliD hosts much more rapidly than whenJliT was intact on the plasmid; conversely, if JliS was disrupted, transformants appeared much more slowly. This could be a reflection of positive and negative regulatory activities associated with JliS and JliT, respectively. However, the situation must be more complex than this, since the mutant phenotype associated with JliT is non-flagellate.
Defined mutations in JliD, JliS and JliT and an examination of their effects on the levels of expression of late operons are needed to further understand the regulatory role of the JIiD operon; experiments along these lines are in progress (K. Kutsukake, personal communication) . Once the relative contributions of each of these genes to regulation has been established, mechanistic studies can be initiated.
FliD as a member of the axial family of proteins We have recently analysed the members of a structurally related family of flagellar proteins of S. typhimurium, namely those that comprise the flagellar rod, hook, hook-filament junction, filament and filament cap (Homma et al., 1990a, b) . Of these, the protein of the filament cap, FliDs, distinguished itself from the rest in that its N-terminal region contained prolines, lacked hydrophobic heptad repeats, and showed little sequence similarity to any of the other members. Its C-terminal region conformed better to the general description provided by the family in that it contained hydrophobic heptad repeats. The sequence of FliDE reinforces these conclusions.
We had suggested, based on our own results and those of others (Namba et al., 1989; Aizawa et al., 1990; Vonderviszt et al., 1990) , that side-by-side interactions of amphipathic a-helices formed from N-terminal and Cterminal sequence might be important in inter-subunit interactions in the axial structure. We also noted that the unique location of FliD, at the tip of the axial structure, might be the reason for the nonconformity of its N terminal sequence to the patterns seen with all of the other axial proteins. A corollary of this would be that the C-terminal sequence of a given axial protein subunit would be involved primarily in interactions with subunits on its proximal side (i.e. closer to the cell surface) and, conversely, the N-terminal sequence would be involved in interactions with subunits to the distal side (i.e. closer to the tip of the organelle).
The information that was available at the time concerning FliDE (the N-terminal 153 residues) indicated a rather high degree of divergence from FliDs, and we postulated this might be because the N-terminus was not constrained by inter-subunit interactions. However, both termini are now seen to be more divergent than in the case of the other two axial proteins where the sequence is known in both species, namely, flagellin (Joys, 1985; Kuwajima et al., 1986 ) and hook protein (Homma et al., 1990a ; J. Rosenberg, I. Kawagishi, D. DeRosier & R. Macnab, unpublished data). Thus while it remains true that the N-terminus of FliD has different properties from those of the other axial proteins, it is not significantly less conserved between the two species than is the C-terminus, which does have the characteristics of the other axial proteins.
The internal portion of the sequence of FliD is the most divergent. This has emerged as a general feature of the axial proteins, and is thought to reflect a domain at the outer radius of the axial structure.
Function of the non-flagellar region Unlike most eukaryotic cells, bacteria have an extremely compact genome and so a region of about 6 kb seems too large to be merely a spacer, and presumably contains several genes. One indication that this is the case is the observation that, shortly beyond the 3' end ofJliT, there is a partial open reading frame that appears to be the 5' end of an authentic gene, since the deduced amino acid sequences in E. coli and S. typhimurium show a high level of identity. Investigation of this putative gene and of the remainder of the non-flagellar region is in progress, with results that suggest that at least part of the region is involved in polysaccharide metabolism (M. Raha & R. M. Macnab, unpublished data) . It will be interesting to compare the region in E. coli and S. typhimurium to establish what features have been conserved in the time since the two species diverged.
